Cancers progress through a series of events that can be characterized as "somatic evolution." A central premise of Darwinian evolutionary theory is that the environment imparts pressure to select for species that are most fit within that particular microenvironmental context. Furthermore, the rate of evolution is proportional to both (1) the strength of the environmental selection and (2) the phenotypic variance of the selected population. It is notable that, during the progression of cancers from carcinogenesis to local invasion to metastasis, the selective landscape continuously changes, and throughout this process, there is increased selection for cells that have altered metabolic phenotypes: implying that these phenotypes impart a selective advantage during the process of environmental selection. One of the most prevalent selected phenotypes is that of aerobic glycolysis, that is, the continued fermentation of glucose even in the presence of adequate oxygen. The mechanisms of this so-called "Warburg effect" have been well studied, and there are multiple models to explain how this occurs at the molecular level. Herein, we propose that unifying insights can be gained by evaluating the environmental context within which this phenotype arises. In other words, we focus not on the "how" but the "why" do cancer cells exhibit high aerobic glycolysis. This is best approached by examining the sequelae of aerobic glycolysis that may impart a selective advantage. Many of these have been considered, including generation of anabolic substrates, response rates of glycolysis vis-à-vis respiration, and generation of antioxidants. A further sequeala considered here is that aerobic glycolysis results in a high rate of lactic acid production; resulting in acidification of the extracellular space. Indeed, it has been shown that a low extracellular pH promotes local invasion, promotes metastasis, and inhibits antitumor immunity. In naturally occurring cancers, low extracellular pH is a strong negative prognostic indicator of metastasisfree survival. Furthermore, it has been shown that inhibition of extracellular acidosis can inhibit metastasis and promote antitumor immunity. Hence, we propose that excess acid production confers a selective advantage for cells during the somatic evolution of cancers.
C ancers are open, complex, and adaptive systems. They are open because there is free interaction between the tumor and the host. They are complex because they have many components that typically interact through nonlinear dynamics. They are adaptive because these components can change over time and space. As nonlinear dynamics are nonintuitive, complex adaptive systems are difficult to understand without mathematical models. Deep understanding of such systems can be obtained through computational models based on first principles. This is best illustrated by the most well-studied complex nonlinear system-the weather. Modern meteorology has achieved unparalleled success in predicting weather (hurricane models, for example) by combining 3 key elements, (1) data that are spatially and temporally explicit, (2) sophisticated computational models, and (3) well-defined first principles (e.g., the Navier-Stokes equations). We contend that similar understanding of cancer dynamics can be achieved by these same 3 elements: spatially and temporally explicit data are primarily generated from imaging, computational models have been derived that accommodate some level of stochastics, and we believe that a first principle of carcinogenesis and behavior is rooted in ecology and evolutionary biology. Importantly, as we and others have described, Darwinian evolution of cancer requires phenotypically diverse cells being selected by the local ecology, which is described by physical and biochemical microenvironment. Table 1 lists some of these fundamental evolutionary principles as applied to cancer.
The physical microenvironment is a prominent component and excellent example of the dynamics that exist within the complex cancer system. Tumor O 2 , glucose, and H + levels influence both the survival and proliferation of cancer cells and in turn are influenced by the metabolism of tumor cells and their complex interactions with blood vessels and other normal tissue. Furthermore, these parameters and interactions are dynamic in that they change over time and space within the tumor. Clearly, understanding the role of the physical microenvironment requires extensive empirical data. However, data alone are insufficient for understanding complex systems in the absence of clearly defined first principles, which we propose must come from evolutionary biology. The conceptual model of carcinogenesis as a manifestation of evolutionary dynamics is now widely accepted and can be traced to pioneering work by Knudson 1 and Nowell. 2 However, somatic evolution is commonly viewed as simply a consequence of accumulating random mutations. Darwinian dynamics are actually far more complex as they require a microenvironment selecting against a phenotypically diverse population, as described in the deceptively simple equation summarizing evolutionary dynamics:
This equation shows that˙μ (the evolutionary rate, or the temporal change in strategy [∂μ/∂t]) is a function of δ (the heritable phenotypic variance), and G (the fitness of each individual). ∂G/∂μ is the slope of the fitness landscape, which describes the increase in fitness provided by an incremental increase in strategy. ∂G/∂μ and, hence, the rate of evolution increase as environments become more stressful and more selective. For the first term, note that genetic mutations are not explicitly included in evolutionary dynamics because evolution selects for phenotypes and not genotypes. That is, Darwinian evolution requires heritable variations in phenotype. Mutations, chromosomal rearrangements, insertion/deletions (INDELs), and the whole host of epigenetic changes are all "mechanisms of inheritance" that can contribute to the cellular phenotype. 3, 4 Diversity of these genetic alterations can contribute to phenotypic heterogeneity, although the relationship is nonlinear. For example, phenotypic variance can be buffered against mutations through the actions of cellular chaperones such as heat shock proteins, for example, HSP90 or GRPs. 5, 6 Conversely, multiple genetic changes can give rise to common phenotypes, commonly referred to as "convergent evolution" or "functional equivalence." 7 Figure 1 shows some of the genetic changes that can underlie some of the well-known hallmarks of cancer. For example, resistance to apoptosis can be accomplished through dozens of different genetic perturbations, such as Bcl-2, Bad, Bax, Akt, death receptors, and so on. 8 Notable is that the microenvironment selects for the presence of the phenotype and not the mechanism by which it is acquired.
The slope of the fitness landscape in the second term on the right side of the equation describes the environmental selection pressure. It explicitly includes the role of the environment in evolution, demonstrating that the fitness of any phenotype is entirely contextual. 9, 10 The fitness benefit of any given phenotypic property is dependent on the current and extant environmental selection forces. For example, resistance to apoptosis will improve fitness only in the presence of cytotoxic stress and may actually reduce fitness in a nonstressful environment. 11 In addition, in a nonselecting environment with an abundance of nutrients and a lack of stress, cells can be at their maximal fitness (G) with an abundance of strategies (μ), and hence, ∂G/∂μ is essentially zero, leading to no evolution.
Darwinian dynamics govern cancer biology throughout the course of tumor development and treatment. While this evolutionary arc can be measured through genetic and epigenetic changes, it also fundamentally reflects alterations in the physical microenvironment that both affect and are affected by the phenotypic properties of the cancer cells. Figure 2 shows the microenvironment changes during the course of breast cancer development from a thin layer of cells in normal epithelium to a thicker mass as cells progress to ductal carcinoma in situ (DCIS). After the basement membrane is breached during local invasion, the previously avascular disease now has unfettered access to blood supplies. In • Hallmarks of cancer have an evolutionary basis: commonly observed phenotypes must have conferred a proliferative advantage at some point during the development of the cancer.
• Selection is contextual: that is, it is imposed by the environment.
• The environment selects for phenotype, not genotype.
• The relationship between genotype and phenotype is nonlinear: There can be multiple (epi)genetic roots that result in common phenotypes.
• The greater the phenotypic (and genotypic) diversity, and the stronger the selection pressure, the faster will be the rate of evolution.
• Evolution is clonal: it involves emergence of clades of cells that are most fit in that environment.
• Tumors are ecosystems: with multiple habitats and environments each imposing discrete selection pressures.
• The race does not always go to the swiftest. Tumor-initiating cells exhibit highest fitness in toxic environments and are characterized by slow growth. FIGURE 1. Functional equivalence. In evolutionary dynamics, environments select for phenotypes that confer a proliferative or survival advantage. In cancer, the most prevalent phenotypes are described as cancer "hallmarks," shown here. Each of these phenotypes can be expressed in response to multiple genetic alterations.
the following sections, we describe the role of the physical microenvironment in the changing adaptive landscape through the lifetime of a cancer, from carcinogenesis to therapy, and highlight some of the critical vacancies in our knowledge of these dynamics that require further investigation.
Carcinogenesis
The cellular transition from normal to cancer is a multistep, multipathway process that is often described as "somatic evolution." These Darwinian dynamics are typically viewed as a sequence of mutations as illustrated by the "Vogelgram." We note, however, that by Equation 1, the genetic changes in a population are deeply connected to the underlying environmental properties of the tissue in which the tumor develops. In breast cancers and other ductal tumors, for example, the cells of origin line the basement membrane but have a large empty space (i.e., the ducal lumen) into which they can potentially proliferate ( Fig. 2 ). This spatial context then dictates the order of mutation as initial selection forces are dominated by "anoikis." In other words, cell proliferation cannot occur until the cells are able to survive when not in contact with the basement membrane. Resistance to anoikis has been associated with constitutive up-regulation of epidermal growth factor (e.g., ERBB2) receptors and/or inflammationmediated activation of nuclear factor κB. 12, 13 However, it is likely that there are multiple other mechanisms involved, as in Figure 1 . Once the anoikis constraint is released, epithelial hyperplasia is observed as the cells are able to grow into the ductal lumens. Eventually, these hyperplastic lesions evolve into DCIS, a nascent cancer that is not necessarily clinically significant because it is confined to the ductal lumen.
The spatial organization of ducts dictates subsequent evolution through altered microenvironmental selection. While abrogation of anoikis permits the new population to grow into the lumen, other growth constraints emerge because of the anatomy and physiology of ducts. That is, while the tumor grows into the duct, the blood vessels remain within the surrounding stroma, and the consequent diffusion-reaction dynamics result in regional variations in growth factors, substrate, and metabolites. Figure 3 shows a late-stage comedo-type DCIS lesion. Note that the cell layer can exceed 160 μm thick. This is important because both mathematical modeling and empirical measurements demonstrate that the oxygen concentrations approach 0 in tissue that is more than 160 to 200 μm from a blood vessel. 14 Thus, as the periluminal cells in the duct grow further from the basement membrane, they must adapt to increasingly severe hypoxic conditions. 15 This can be assessed by staining for hypoxia-inducible factor (HIF) clients, such as carbonic anhydrase 9 (CA-IX), and we and others have demonstrated strong CA-IX staining in the periluminal region of late-stage DCIS. 16 Other HIF clients, such as the glucose transporter 1 (GLUT-1), have similar spatial staining patterns ( Fig. 4 ) demonstrating that in the absence of oxygen glycolysis is upregulated to meet cellular energy requirement, and the consequent reduction in efficiency of ATP production requires increased glucose flux. Importantly, the end product of glycolytic metabolism is lactic acid, and hence, the periluminal regions of late-stage DCIS are also expected to be profoundly acidic.
The changing environment during carcinogenesis. As cancers progress from normal epithelia to metastatic disease, the microenvironment housing the cancer cells also changes. In normal epithelia, secretory and myoepithelial cells are no more than 2 layers off the basement membrane, and no cell is more than 100 μm away from its blood supply. Hyperplasia can result in neoplasia, wherein cells can grow many layers thick so that they are far from their blood supplies and hence are nutrient deprived. In carcinoma in situ, cells have been selected for adaptation to these nutrient-deprived conditions. Following breach of the basement membrane, the microenvironment is radically different with mesenchymal and immune cells and an abundant blood supply. Cells are selected for adaptation to this new environment and can result in a locally invasive cancer. In metastasis, cells are subjected to many of the same selection pressures, in addition to shear forces in blood and a new set of host antigens. This hypoxic/acidic environment is, we propose, critical for understanding the later stages of carcinogenesis. In the context of Equation 1, this results in a relatively large slope in the fitness landscape (e.g., high values for [∂G∂μ]), which will promote rapid evolution to cellular adaptive strategies that permit survival and proliferation in both hypoxic and acidotic environments. Furthermore, both hypoxia and acidosis induce chromosomal instability, and hence, this adaptive landscape favors emergence of genetically diverse clades of cells, increasing the variance (δ) and further accelerating the rate of evolution toward cancer. 17 The consequences of these selection forces are, to some extent, predictable. For example, hypoxia has been shown by Graber and others to select for p53 deficiency presumably to increase survival in the harsh physical microenvironment. 18 We have observed spontaneous loss of p53 via chromosomal deletions in 2 different breast epithelial cell lines flowing selection by intermittent hypoxia. 19 Acquisition of a p53-null phenotype results in further genomic instability and can induce even higher glycolysis via reduction of TIGAR (TP53-indicuble glycolysis and apoptosis regulator), which acts to inhibit glycolysis in response to genotoxic stress. 20 Thus, regional variations in the physical microenvironment of in situ cancers will generally select for molecular pathways that increase glycolysis to maintain energy supplies in hypoxia and increase tolerance to the acidosis that results from glycolysis. We have developed models over the last decade to describe these adaptations. 15, 21 In the latest of these, shown in Figure 5 , 17 we explicitly account for the fact that hypoxia and acidosis induce both genomic instability (phenotypic variance) and environmental selection. Hence, these microenvironmental factors affect both components of the evolutionary dynamic Equation 1. The evolutionary sequence described in these models confers a powerful combination of phenotypic properties on local cell populations, allowing them to create an acidic environment through constitutively activated glycolysis (i.e., aerobic glycolysis or the Warburg effect) that produces an acidic environment to which they are well adapted. Furthermore, in all of these models, we have attempted to explicitly couple the emergent phenotypes to the microenvironmental selection pressures that would favor them. Among these, the most important is emergence of constitutively activated glycolysis, and despite the fact that we proposed that this emerges following hypoxic selection, the microenvironmental conditions that select for this phenotype are unknown. We do know, after dozens of attempts in multiple cells lines, that cyclic or chronic hypoxia does not select for cells with a Warburg effect. As an alternative, there is evidence that highly glycolytic cells with mutant k-ras are selected under conditions of nutrient deprivation, 22 and periluminal cells in DCIS are expected to be glucose deprived. This hypothesis remains to be tested.
Microinvasive Cancer
To progress to a potentially life-threatening cancer, the tumor cells must breach the basement membrane and gain access to the underlying stroma. Figure 6 captures this process 9 and, importantly, demonstrates that locally invasive cells can take their glycolytic phenotype with them. What are the physical and biological mechanisms that are necessary and sufficient for this transition? Note, in Figure 3 , that the stroma surrounding late stage DCIS is acellular and fibrotic, characteristics typical of reactive stroma. Collagen reorganization can be revealed by second harmonic microscopy (2HM) of unstained tissue sections, 23 and Kakkad et al have shown an induction of 2HM changes induced by hypoxia. 24 Notably, the acid secreted by growing tumors induces the reactivity of stroma to secrete inflammatory mediators such as tumor necrosis factor α and nitric oxide, via the p38 mitogen-activated protein kinase pathway. 25 We thus propose, yet it remains to be proved, that the normal stroma provides a physical barrier to local invasion and that the glycolytic, acid-adapted tumor cells that arise within DCIS induce stromal remodeling, possibly via an acidmediated mechanism, which is necessary and permissive for neoplastic epithelial cells to penetrate the basement membrane and invade locally into the stroma.
Furthermore, this phenotype persists as the tumor progresses because it continues to provide an adaptive advantage as, upon breeching the membrane, a novel adaptive landscape emerges (Fig. 2) . That is, prior to the formation of a microinvasive tumor focus, mesenchymal cells in the stroma have never been in contact with epithelial cell, and similarly, the epithelially derived cancer cells have never directly interacted with the mesenchyme. Furthermore, this adaptive landscape also includes immune cells, which are only rarely observed in in situ tumors. This requires significant adaptations in the invading cancer that is derived from epithelia. Immune evasion strategies can involve mimicry such as epithelial-to-mesenchymal transition or epithelialto-leukocyte transition, 26 expression of checkpoint ligands, release of kyneuranines, 27, 28 or simply producing an acidic environment. 29, 30 Clearly, despite these obstacles, some cancer cells succeed in evading immune surveillance and setting up a successful colony within the stroma, which has an abundance of oxygen, nutrients, and a neutral pH. Although these conditions would appear to be ideal, they are not evolutionarily optimal because they favor proliferation of stromal cells as well as tumor cells, creating a subtle competition. In fact, proliferation of mesenchymal cells (e.g., fibroblasts) with extinction of local tumor cells could be a specific tumor defense mechanism of the host. We propose that, in fact, tumor cells can gain an advantage by recapitulating the intraductal conditions (i.e., acidic, hypoxic, and nutrient deprived) to which they were adapted but are unfavorable for the normal cells. Notably, this can be achieved by expression of glycolytic phenotype even in the presence of oxygen (aerobic glycolysis). The success of this adaptive strategy is readily apparent in the exceptionally high sensitivity and specificity of fluorodeoxyglucose positron emission tomography scans to identify malignant disease. 9 It is likely that the strategy also results in subtle dysangiogenesis, which may be initially induced by hypoxia but also increases hypoxia in a slippery slope of feed-forward dynamics 31 as well as metabolic co-option of stromal cells to form a metabolic network wherein the stromal cells eat what the cancer produces, and vice versa, as illustrated in Figure 7 , drawn after. 32 This figure shows Notable is the strong staining of periluminal cells, which are expected to be hypoxic (Fig. 3) . GLUT-1 is a client of HIF-1α and can be a biomarker for high rates of glycolysis.
The Cancer Journal • Volume 21, Number 2, March/April 2015 Metabolism and Its Sequelae in Cancer Evolution and Therapy that cells can be either fermentative, wherein they consume glucose and export lactic acid via monocarboxylate transporter 4 (MCT-4), or they can be oxidative and consume lactate to produce CO 2 . While oxidative metabolism has an absolute requirement for oxygen, fermentative metabolism can occur in the absence or presence of oxygen (the Warburg effect). Figure 8 shows differential staining for MCT-4 in well-differentiated pancreatic ductal adenocarcinomas, as well as in parts of the stroma, suggestive of metabolic multicompartmentation. Notably, this metabolic cooperation need not be limited to tumor-stromal interactions as different components of the stroma may cooperate with each other. Hence, we propose that successful transition from in situ to invasive cancer can be characterized as a failure of the stroma to adequately compete with the invading cancer cells.
Primary Cancers
Formation of a clinically apparent cancer requires expansion of the microinvasive foci. This requires new adaptations to promote angiogenesis, suppress proliferation of normal mesenchymal cells, and defeat the negative effects of the immune system. We note, however, that fluorodeoxyglucose positron emission tomography imaging has clearly demonstrated that the vast majority of primary and metastatic tumors exhibit increased glucose flux, indicating that up-regulated glycolysis that emerges in carcinogenesis continues to provide an adaptive advantage. Thus, it is not surprising that studies in preclinical models and primary cancers have demonstrated that solid tumors are acidic and actually export acid into the surrounding normal tissue. This tumor-induced perturbation of the pH in adjacent host tissue was predicted first by reaction-diffusion modeling 33 and subsequently confirmed with imaging of tumors in dorsal window chambers. 33, 34 These have led to the hypothesis that aerobic glycolysis provides an adaptive advantage despite its inefficient energy production by promoting "acid mediated invasion." Specifically, acid that diffuses along concentration gradients into peritumoral normal tissue promotes tumor growth and invasion because it reduces proliferation of surrounding stromal cells, induces breakdown of normal extracellular matrix (ECM), promotes angiogenesis, and blunts the normal immune response to tumor antigens. 35, 36 Clearly, the mechanisms by which tumor cells invade into adjacent tissue are complex and can be modified in response to environmental conditions. The acid-mediated invasion hypothesis is supported by evidence that tissue pH affects many of these molecular and cellular events. There is clear evidence that increased FIGURE 5 . Evolutionary dynamics in carcinogenesis. Hyperplasia can be induced by chronic inflammation, and this results in volumes that are hypoxic and acidic ( Figs. 3 and 4 ). Through mechanisms that include reactive oxygen-generated genotoxicity and inhibition of DNA damage response (DDR) pathways, hypoxia and acidosis are known to induce mutations and chromosomal abnormalities, which normally result in apoptotic cell death. With loss of apoptosis, these genomic changes are expected to generate increased phenotypic variance (σ in equation). In addition, hypoxia and acidosis impart strong selection pressure on the emerging phenotypes (∂G/∂μ in equation). These processes combine to generate a high rate of evolution (∂μ/∂t), generating multiple successful clades of cells, each adapted to be maximally fit in their unique microenvironmental niches. The preponderance of these clades is synonymous with malignance and resistance. Notably, many components of this process can be inherited, such as inflammation-independent hyperplasia, reduced DDR, or resistance to apoptosis. Adapted with permission from Gillies et al. 17 Copyright © 2012, the Nature Publishing Group. FIGURE 6. Locally invasive breast cancer. Section of breast duct with comedo-type DCIS lesion wherein cells have broken through the basement membrane and invaded local stroma. Section is stained immunohistochemically with antibody against GLUT-1. Similar to Figure 4 , strong periluminal staining is observed. Notably, some of the invasive cells are also strongly positive, even though in the stroma these cells have access to vasculature and are not expected to be hypoxic (Fig. 3) . Hence, we suspect that these cells are "pseudohypoxic" and likely exhibit aerobic glycolysis (Warburg effect).
acid production, combined with poor perfusion, results in an acidic extracellular pH (pHe) in malignant tumors (pH 6.5-6.9) compared with normal tissue under physiological conditions (pHe 7.2-7.4). [37] [38] [39] Indeed, it has been convincingly been shown that the pHe in canine sarcomas ranged from 6.37 to 7.42 and that, furthermore, an acidic pHe was a strong negative predictor of metastasis-free survival (hazard ratio, 0.29; P + 0.005). 40 Furthermore, window chamber studies in vivo have demonstrated that H + ions flow along concentration gradients from tumor into adjacent normal tissue causing significant acidosis. A number of studies have demonstrated acidic pHe can induce release of (cysteine or aspartyl) cathepsin proteinases, [41] [42] [43] which promote local invasion and tissue remodeling. [44] [45] [46] In vivo studies have demonstrated that the acidic peritumoral normal tissue undergoes significant tissue remodeling with reduction of the ECM density. 47 This can be seen in the far right panel in Figure 2 . Furthermore, cells exposed to in vitro low pH demonstrate increased invasion both in vitro and in vivo. 43, 48, 49 An acidic environment can also increase angiogenesis through the release of vascular endothelial growth factor and inhibits the immune response to tumor antigens. 29, 35, 36 Importantly, cancer cells, because of the evolutionary dynamics of in situ tumors, enter the microinvasive stage of tumor growth with already-developed adaptive mechanisms that allow them to survive and even proliferate in acidic environments. We have shown, via modified cellular automaton models, that acquisition of acid resistance is a prerequisite to acquiring a glycolytic phenotype. 50 These adaptations can involve, inter alia, chronically activated autophagy as a survival mechanism, 51 up-regulation of the sodiumhydrogen exchange (NHE1) or CA-IX [52] [53] [54] to maintain a neutral intracellular pH, and decoration of the plasma membrane with lysosomally associated proteins, 55, 56 coupled to release of lysosomal proteases, discussed above. As normal cells die and the ECM is degraded, cancer cells continue to proliferate and invade this open space. This "niche engineering" strategy promotes local invasion and subsequent in vivo growth of malignant tumors.
Altering the Physical Environment for Cancer Therapy and Prevention
In the prior sections, we argued that the physical microenvironment generally and pH specifically are both a cause and a consequence of tumor cell evolution and subsequent tumor growth and invasion. This model suggests that neutralization of the acidity could, under some circumstances, "tip the balance of power," thus delaying carcinogenesis and reducing tumor invasive growth. We and others have demonstrated that oral buffers could neutralize the acidic pH of tumors. [57] [58] [59] Neutralizing tumor acidity can increase the effectiveness of weak base chemotherapeutics through ion trapping. 60, 61 Furthermore, in multiple systems, we have observed that chronic ingestion of oral buffers increases tumor pH and inhibits experimental or spontaneous metastases ( Fig. 9 ). 42 That this was a buffer effect was confirmed by observations that many buffers work, including bicarbonate, imidazoles, and TRIS. 62 Furthermore, lysine HCl (pH 8.0) had no effect, whereas lysine-free base (pH 10.6) completely inhibited formation of experimental PC3m prostate cancer metastases. 63 The effects have been most pronounced in prostate cancer models, and hence, we have investigated the effects of buffer therapy on the behavior of TRAMP (transgenic adenoma of mouse prostate) mice, which express middle T antigen under control of the probasin promoter. We have observed that, if buffer therapy is initiated prior to 4 weeks, cancers do not develop in these mice. 64 If buffer therapy is initiated after 10 weeks (after the cancers are extracapsular), it has no effect on the primary tumor but completely inhibits formation of metastases (Ibrahim-Hashim, in review). The results of buffer therapy have been so promising that a phase I clinical trial to determine tolerability has been initiated (NCT01846429). A practical question going forward for clinical trials is if buffer therapy can be improved upon, as it required chronic ingestion of alkaline buffers and some grade 2 gastrointestinal events have been observed.
Finally, an important advantage of an acidic microenvironment is that it tends to render the immune response less effective. 29 This suggests that systemic buffers would improve tumor response to immunotherapy, and this is currently under investigation (Pilon-Thomas, in review).
The Problem of Heterogeneity
As primary cancers grow, they usually develop substantial spatial heterogeneity that is governed primarily by blood flow. Nowell 2 is credited for proposing the clonal basis of tumors, and this has been well validated with modern molecular techniques that have sequenced genomes from different regions of the same tumor. [65] [66] [67] In fact, the existence of intratumoral chromosomal heterogeneity has been known since the 1930s. 68 Nonetheless, the clinical practice of medical oncology continues to ignore heterogeneity and treat the most visible genetic lesion, without accommodating minor populations that surely exist. Hence, tumors are often described as well-mixed homogeneous systems. For example, a breast cancer can be classified as "estrogen receptor (ER) positive" even when as few as 10% of the tumor cells express ER. Notably, such patients often respond initially to antiestrogen therapy as well as those with high levels of ER-positive cells. 69 However, most patients eventually fail because of acquisition of resistance, which is fundamentally due to heterogeneity and its relevance to treatment. Planned emergence of resistance is not readily accommodated in today's clinical practice. Such regional variations, as well as temporal changes with or without therapy, clearly limit the role of genomic/proteomic data in longterm tumor therapy, especially because these data are obtained once prior to the beginning of therapy and rarely during active treatment. We have proposed that regional variation can be characterized and quantified by defining "habitats" that can be measured by combining physiological parameters derived from clinical images; including perfusion, cell density, interstitial edema, glucose uptake, and so on. 70 In a strict analogy to ecology, these habitats are defined by the availability of water, giving rise to wellperfused rain forests, constantly perfused riparian zones, intermittently perfused savannahs, and rarely perfused deserts. 71 In turn, these regional variations in physiological conditions select for local cell populations that are best adapted to these specific habitats. These spatial variations will be apparent in regional heterogeneity of the molecular properties of the cells. Yet cancers are complex dynamical systems, and spatiotemporal changes in blood, cell density, and cellular metabolism undoubtedly alter the local physical microenvironment, thus influencing regional variations in tumor growth and invasion. Recently, we examined these dynamics in growth of tumors in window chambers and observed that the acidic pHe of peritumoral tissues around the circumference of the tumor was predictive of subsequent tumor invasion. 34 Clearly it is not possible to continuously sample regional tumor populations to assess spatial and temporal variability in the genotypic and phenotypic tumor populations. We have proposed that noninvasive imaging must play a critical role in defining the heterogeneity and the presence of habitats within individual tumors. This approach, called "radiomics," defines heterogeneity through quantitative analysis of radiological images, and these are being shown to have high prognostic value, especially in combination with genomic analyses, or "radiogenomics." 72, 73 
CONCLUSIONS
The physiological microenvironment of nascent and clinically apparent primary and metastatic tumors is hostile: the pH is acidic, oxygen is variable, substrates are in short supply, and there is an abundance of toxic reactive oxygen and reactive nitrogen species. These factors indisputably play a role in carcinogenesis and tumor progression, yet their exact roles and the mechanisms involved are only now beginning to be defined. As expressed in Equation 1, the Darwinian dynamics that govern cancer biology include complex interactions between the changing tumor genome/phenome and local environmental conditions that include normal mesenchymal cells and immune cells, as well as underlying concentrations of substrate, metabolites, and cell products. The physical environment within the tumor is thus both a force that selects for optimal tumor phenotypes and a strategy of the tumor that can be manipulated to enhance its own fitnessan evolutionary strategy termed "niche engineering." Defining these complex dynamics must include (i) the cancer cells, (ii) the host stromal and immune cells, and (iii) the bidirectional interactions between these populations. This is particularly evident in the physical microenvironment that is governed by blood flow and tumor metabolism as well as the tumor effects on blood flow and vice versa. Understanding these interactions at a mechanistic level permits novel therapeutic perturbations that can delay or even prevent the evolutionary dynamics that govern carcinogenesis and tumor invasion.
